Microwave plasmas are a promising technology for energy-efficient CO 2 valorization via conversion of CO 2 into CO and O 2 using renewable energies. A 2.45 GHz microwave plasma torch with swirling CO 2 gas flow is studied in a large pressure (60-1000 mbar) and flow (5-100 slm) range. Two different modes of the plasma torch, depending on the operating pressure and microwave input power, are described: at pressures below 120 mbar the plasma fills most of the plasma torch volume whereas at pressures of about 120 mbar an abrupt contraction of the plasma in the center of the resonator is observed along with an increase of the gas temperature from 3000 K to 6000 K. The CO outflow is found to be proportional to the plasma effective surface and exhibits no significant dependence on the actual CO 2 flow injected into the reactor but only on the input power at certain pressure. Thermal dissociation calculations show that, even at the lowest pressures of this study, the observed conversion and energy efficiency are compatible with a thermal dissociation mechanism.
Introduction
Carbon dioxide, a highly potent greenhouse gas, is produced in very large quantities from industrial processes but also for power generation. In May 2013, its concentration in the atmosphere exceeded 400 ppm in the atmosphere for the first time in modern history [1] which should be compared to the 280 ppm that characterized conditions before the industrial revolution [2] . For achieving a target of 2 • C maximum increase of Earth global warming, a complete decarbonization of the energy sector will be required by 2060 while scenario with maximum temperature of 1.5 • C will require negative emission [3] . Nowadays, the carbon dioxide emitted during electricity generation is contributing to about 20 % of anthropogenic emission totalling 30 000 Mt/y [4] both from fossil and also biogenic raw materials. CO 2 is not currently consumed in large quantities by the industry (in 2011, it averaged to a mere 150 Mt/y worldwide) and generally it is treated as a disposable waste. In this perspective several strategy to increase the usage of CO 2 are being investigated [5] . Additionally, renewable energy sources suffer from intermittency and a significant geographical mismatch between availability and demand. Energy storage and transport are necessary in order to stabilize the power grid and match the consumers demand. Several groups around the world have proposed CO 2 as a primary building block for synthesis of synthetic fuels such as methanol [6] . CO 2 re-use for energy storage is an attractive option for a zero-emission carbon cycle while solving the issues of intermittency of renewable energies and their transport to remote locations. CO 2 can be used as raw material and building block for the production of CO and thereafter synthetic fuels [7] .The current CO 2 valorization research focus mainly on electro-catalytic processes and thermochemical processes [8] . More recently non-equilibrium plasmas attracted interest as possible means of CO 2 conversion, especially for energy storage purposes [9] . Plasma devices offer high flexibility in terms of response times and scalability.
There are different types of plasma discharges used for CO 2 conversion: dielectric barrier discharge, Microwave discharges, radio-frequency discharges, corona discharges, gliding arc discharges, and nanosecond pulsed high voltage discharges. A comprehensive overview of the different devices used for CO 2 decomposition has been given by Snoeckx et al. [10] . Typically, DBD discharges have a maximum energy efficiency of 20% and a CO 2 conversion of about 40%. With gliding arcs on the other hand energy efficiency up to 60 % have been reported but with conversion typically limited to a maximum of 30 %. Microwave discharges and RF discharges are reported to achieve the highest conversion (up to 90 %) and energy efficiencies (up to 80%), albeit not simultaneously [10] . Microwave discharges represent the most promising technology for plasma assisted CO 2 conversion.
The dissociation of the CO 2 molecule requires a minimum energy of 5.5 eV, needed to break a CO 2 bond, but in presence of atomic oxygen additional dissociation of CO 2 can be obtained from the reaction 2.
The potential energy (2.6 eV) of the O atom produced in the first step (process 1) is then not lost via its mutual recombination with another O atom to form an O 2 molecule via the reaction O + O + M → O 2 + M where M is a third particle or a wall, but rather invest to produce an additional CO molecule. In the latter scenario, the minimum energy requirement for one CO molecule production decreases to 2.93 eV/molecule.
Thermodynamically, this reaction has a Specific Energy Requirement of 2.93 eV per dissociated CO 2 molecule at 400 K and at atmospheric pressure. The difference between process 3 and 1 is due to the potential energy difference of the O atom in its free or bonded state (i.e. O 2 molecule), which is equal to half the energy needed for splitting the O 2 bond. To obtain a specific energy requirement of 2.93 eV/molecule, it is then critical that the O atom also reacts with another CO 2 molecule to form a second CO molecule so that the potential energy of the O atom is not lost.
In a plasma, the dissociation of CO 2 can be induced either by electron impact processes or thermal dissociation. Thermal dissociation is the consequence of the shift of the chemical equilibrium due to a high gas temperature. Non-equilibrium plasmas (i.e. plasma with significantly lower gas temperatures compared to electron temperatures) can help to obtain energy efficiency higher then the once obtained by thermal dissociation of CO 2 , albeit with lower conversion rate. High energy electrons (> 10 eV) can induce dissociation of the CO 2 molecule by exiting the molecule into a dissociative state [10] . The latter process requires overall more energy than the thermal dissociation, thus is unfavorable. Another electron driven process is the excitation of the asymmetric stretching of the CO 2 via several electron collision leading to the dissociation of the CO 2 molecule. This mechanism is typically proposed in literature to explain an energy efficiency above 50 % (thus higher then the thermal dissociation limit) [11] . However such process requires a low gas temperature since the higher the gas temperature the faster are the losses of vibrational excitation into gas heating [12] .
Due to their intrinsic low electric fields and high average power densities, microwave plasmas allow generating molecular plasmas with relatively low electron temperatures but high vibrational temperatures that can favor vibrational excitation in place of direct dissociation mechanisms by electron impact. Values up to 80 % energy efficiency were reported by researchers from the Kurchatov Institute [13] [14] [15] and have not been reproduced in recent experiments. The maximum energy efficiency was observed at pressures around 200 mbar [16] and degraded at higher and lower pressures. Nowadays, two types of microwave sources are mainly used to investigate CO 2 dissociation: in 915 MHz sources values of energy efficiencies up to 50 % and conversion up to 80 % have been obtained, although not simultaneously [17] . Typically energy efficiency and conversion anti-correlates,an high value of conversion implies low energy efficiency and viceversa. In the 2.45 GHz sources the energy efficiency is between few percent and 30 % are obtained [18] , [19] , [17] , [20] . Belov et. al. [18] investigated a 2.45 GHz microwave plasma torch in a pressure range between 200 mbar and 900 mbar, with variable flow injection geometry (i.e. direct, tangential and inverse), concluding that the flow dynamics strongly influences the overall CO 2 conversion. Recent work by van den Bekerom et al. [19] have shown that most of the literature results do not outperform the best possible thermal efficiencies and that in microwave plasma thermal dissociation and the plasma volume (heated fraction) leads to much higher effective SEI locally in the plasma.
To the best of our knowledge, no setup has been investigated systematically in both large pressure and gas flow range. This work focuses on the characterization of a 2.45 GHz microwave plasma torch in a wide flow power and pressure range as means of CO 2 conversion into CO, focusing on correlating the observed energy efficiency and conversion with the gas temperature and the plasma volume.
Experimental setup
The plasma torch used in this work has been modified from the original design of University of Stuttgart [21] so that it can be operated at atmospheric pressure but also at lower pressures. The experimental setup used in this work is shown in figure 1 (a) , it consists of a cylindrical TE 10 cavity and a coaxial resonator. The coaxial resonator placed at the bottom of the quartz tube consists of two elements: a λ/4 resonator and a tip in its center. The tip consists of two geometrical parts: a cylinder of height 12 mm with a diameter of 15 mm and a cone of 8 mm height with a base diameter of 15 mm. The tip can be adjusted in height to enhance the electric field at its top for a given microwave frequency [22] . The tip position has been adjusted to have an enhanced electric field at 2.45 GHz by using a network analyzer. The enhanced electric field allows ignition in the pressure range 10-1000 mbar. A quartz tube of 30 mm outer diameter and 26 mm inner diameter is mounted in the center of the cylindrical resonator as can be seen in figure 1 (a). The quartz tube length can be varied from a minimum of ca. 8 cm up to 40 cm, in this work a 40 cm has been used. The cylindrical cavity has 3 vertical slits of width 5.5 mm and height 43 mm (that corresponds to the cylindrical resonator height) which allow optical access to the plasma in the resonator. At the bottom of the coaxial resonator the gas is injected in the quartz tube by four tangential gas inlets of 4.3 mm diameter. The 2.45 GHz microwave are generated by a magnetron MH3000S-213BB powered by a 3 kW power supply ML3000D-111TC, both are Muegge GmbH components. The power supply can be operated with a microwave power output that ranges between 300 W and 3000 W. The plasma is ignited and confined in the quartz tube. The end of the quartz tube is connected to a 2 m long water cooled pipe. The plasma effluent is pumped away by a vacuum pump with variable pumping speed. The system is operated at pressure between 30 mbar and 1000 mbar with CO 2 flow rate between 2 and 100 L/min. However a CO 2 flow below 5 L/min typically generate unstable plasma at pressure above 100 mbar. At pressure lower than 100 mbar to use a low CO 2 flow typically result in quartz tube heating when a microwave power above 1 kW is coupled into the plasma. The present setup differs from the one used in the Differ institute for the presence of the ignition pin [17] . Moreover excepted for the inlet gas velocity and a slightly different microwave frequency (2.4 GHz) , that also implies differences in the size of the microwave components, the present setup is similar to the one described by Butylkin [16] for which energy efficiencies up to 80 % were reported. The plasma obtained can be operated in a flow range between 5 and 100 L/min. Figure 1 (b) shows the modifications of the experimental setup for measuring the plasma emission integrated along the axial direction (i.e. gas stream direction) and determining its radial cross section: a CF40 cube is introduced on top of the plasma torch, the cube side that face the quartz tube is provided with a quartz Thorlabs window WG42012. A Thorlabs mirror PF20-03-01 reflects the emitted light that is than measured with an AN-DOR iStar ICCD camera with 2048x512 pixels of 13 µm size and a squared intensifier of side 18 mm, equipped with a Nikon lens of 35mm focal length. Optical emission spectroscopy is performed on the light collected via a double iris system that reduces the collection area to about 1 mm 2 . The collected light is analyzed using a SPEX-1000 spectrometer (with a 1800 l/mm grating) provided with an Andor AK420-OE CCD camera. The optics have been absolutely calibrated in the wavelength range in the range between 250 nm to 400 nm with a Deuterium lamp and between 400 nm to 850 nm with an Ulbricht sphere (Labsphere USS-800C-100R in combination with a LPS-100 power supply). Figures 1 (a) shows the position where the plasma effluent is analyzed with the mass spectrometer. The gas is sampled after the heat exchanger about 2 m after the end of the plasma using a 0.9 mm inner diameter tube. To reduce the pressure from atmospheric to the mass spectrometer working pressure (10 −6 mbar) two orifices are used. A 100 µm orifice connects the 0.9 mm sampling tube with an intermediate T-shaped chamber that is kept at the constant pressure of 1 mbar. The T-shaped chamber is connected to the ionization chamber of the mass spectrometer via a variable orifice that allow to control the pressure in the ionization chamber. The mass spectrometer has been calibrated to measure the concentration of CO, CO 2 , O 2 using known gas mixtures. The analysis of the system behavior shows that the calibration is valid in the pressure range investigated and no significant gas de-mixing takes place [23] . The determination of the gas composition has been carried out by calculating a synthetic mass spectrum and using a least square minimization routine (python library scypy.optimize method L-BFGS-B) on the experimental data in order to determine the particle concentration in the gas [24] . A synthetic mass spectrum is calculated as
where I(m) is the peak intensity at mass m, β i the MS calibration parameter for the specie i, n i is the species relative density of species i and c m i is the contribution (cracking pattern) to mass m of the species i. The conversion rate of our plasma can be determined by analyzing the gas composition as
where χ is the conversion efficiency, [ ] out , fulfilling the stoichiometry of equation 3. The latter is not assumed a priori equal to 2, but rather used as control parameter for the correctness of measurements performed as will be discussed by Hecimovic et al. [23] . From the conversion efficiency the energy efficiency can be calculated:
η is the energy efficiency, ∆H the enthalpy of the CO 2 dissociation (2.93 eV), and SEI is the global specific energy input calculated as:
where the power is expressed in Watt and the flow in standard liter per minute, the overall constant has the proper units to obtain the SEI in eV/molecule [25] . The total flow is used to calculate SEI and not the one that effectively interact with the plasma.
3 Experimental results
CO 2 conversion and energy efficiency
The capability of the plasma torch for converting CO 2 into CO and its energy efficiency is measured in a wide pressure range using mass spectrometry. The source performance from 60 mbar to quasi-atmospheric pressure (i.e. 880-930 mbar; the precision was limited by mechanical precision of the regulation valve) is shown in figure 2 . The energy efficiency and conversion are shown as function of the global specific energy input (cf. equation 7). The measurement of the CO 2 conversion is known within ± 1 %, because of systematic errors in the calibration procedure and background subtraction. The error on the energy efficiency is obtained by propagating the uncertainty on the conversion. trends can be observed at SEI above 2 eV/molecule at 500 mbar the conversion saturates increase of power (i.e. SEI at fixed flow) does not produce a further increase of the fraction of CO 2 converted. At quasi-atmospheric pressure (figure (a)) an increase of energy efficiency produces a decrease of conversion above 2 eV/molecule. In the latter case the conversion increases from ca. 1% at ca. 0.2 eV/molecule to ca. 13 % at ca. 2 eV/molecule and then decreases to 5 % at ca. 8 eV/molecule. The maximum conversion that can be achieved in the present setup is depending on the pressure, the lower the pressure the higher conversion can be achieved (by increasing the power). The energy efficiency is weakly changing with the SEI and is observed (almost) constant within error-bars in most of the conditions studied as can be observed in figures 2 (c), (d)and in figures 2 (b), (a)at SEI below 2 eV/molecule. The energy efficiency changes with pressure, the maximum of ca. 30 % is measured at 200 mbar. No flow effect onto the energy efficiency can be detected, as opposed to what has been previously observed at pressures between 200 mbar and atmospheric pressure by Belov et al. [18] . They reported an increase of the energy efficiency while using larger gas flows. However it should be noted that the experimental setup used in this work is different from the once used by Belov et al. [18] , particularly in terms of plasma cross section (140 mm) and although a vortex injection configurations was use, its geometry is different from the one used in this work, these differences can be the origin of the discrepancy.
The conversion and energy efficiency are typically depending only on the SEI, but at quasi-atmospheric pressure with a CO 2 flow of 5 L/min the observed conversion deviates from the trend observed at 10 L/min. The lower flow is (probably) the main responsible of the observed deviation, but the physical mechanism behind it is still unclear. Such trend could also be present at lower pressures, but shifted to higher SEI values. The latter hypothesis is supported by figure 2 (b)where a decrease in conversion in observed at SEI of ca. 2 eV/molecule. Further investigation in this direction are needed. Nevertheless carrying out measurements at SEI above 4 eV/molecule at pressure above 200 mbar is challenging, because of limitation in the MW power (max. 3000 W) and since the plasma is unstable at flows below 5 slm and pressures above 200 mbar.
The conversion of CO 2 into CO is investigated as function of the pressure at fixed flow and power and the results are shown in figure 3 (a) and (b) respectively. A contraction of the plasma takes place (see section 3.3 for more details) at about 120 mbar with the exact pressure value depending on the power coupled to the plasma: at 750 W the plasma contracts at 180 mbar, at 1500 W at 120 mbar and at 2400 W at 110 mbar. In figure 3 the contraction pressure is indicated by vertical dashed lines. The amount of CO 2 dissociated increases until the plasma contracts. The energy efficiency before the plasma contraction increases rapidly with pressure, it reaches an optimum at pressures near the contraction and then stays constant at low power and decreases at higher power. This observation is in agreement with Fridman overview and discussion of results from the Kurchatov institute [11] . After the contraction takes place the conversion of CO 2 reduces with increasing the pressure, with the trend of the higher the power the stronger is the reduction. The energy efficiency follows similar trend as conversion. Belov et al. [18] also reported improved energy efficiencies from atmospheric pressure down to 200 mbar for a different microwave plasma source but they were not able to measure at lower pressure. 
Gas temperatures of the plasma
To get more insight into the mechanisms of CO 2 dissociation inside the plasma, the gas temperature is studied by means of optical emission spectroscopy. Figure 4 shows a typical emission spectrum, recorded in the resonator, of the plasma operated in the contracted regime. It is dominated by the C 2 Swan (d 3 Π g → a 3 Π u ) bands (visible in the range between 460 nm and 570 nm) similarly to what has been previously observed [26] , [27] , [17] , [28] . A broadband continuum emission extending in the range 300-700 nm is also always present. Such emission is typically (much) less intense than the C 2 Swan band or the atomic lines, but its contribution can be distinguished in the baseline of high resolution spectra (see figure 5) or in low resolution spectra since the lower dispersion allows better signal to noise ratio. Its origin is attributed to recombination processes of oxygen atoms via O + O → O 2 + hν and CO + O + M → CO 2 + M + hν reactions [29] . In addition to that, one can identify some typical carbon (248 nm) and oxygen (at 777 nm and 844 nm) neutral lines. 19 4.0x10 19 6.0x10 19 8.0x10 19 1.0x10 20 1. Figure 4 : Typical emission spectra absolutely calibrated recorded at 920 mbar, 10 L/min and 900 W. The emission was recorded in the center of the resonator. The spectra region between 460 nm and 567 nm (C 2 emission) has been multiplied by 10. Figure 5 shows the typical emission in the expanded regime: the spectrum is dominated by the continuum emission, on top of which can be identified the CO Angstrom (B 1 Σ + → A 1 Π) bands. The atomic oxygen lines can be observed at 777 nm and 844 nm, but no atomic carbon lines are detected. In the expanded regime that is observed only at low pressures, no C 2 Swan bands are observed. The C 2 Swand bands emission spectra are fitted with synthetic spectra calculated using massiveOES [30] in combination with a database of lines and transition probabilities from Brooke et al. [31] . The fitted temperature assuming a Boltzmann distribution allows describing accurately the rotational and vibrational population distributions (i.e no deviation from Boltzmann distributions is found) which can therefore be associated to the gas temperature of the plasma (see Carbone et al [32] for more details). The analysis of the C 2 Swan band shows consistently a gas temperature of about 6000 K ± 500 K in the center of the quartz tube independently of plasma conditions in the contracted mode (see section 4.1 for a discussion on that point). In the investigation of optical emission of C 2 in CO 2 microwave plasma carried out by Carbone et al. on the same plasma setup was shown that the measured rotational and vibrational temperatures are constant within error-bars and equal to each other in the constricted regime with a value of 6000 K ± 500 K. A parametric study was performed while varying the power between 900 W and 3 kW and using 5-100 L/min input gas flow [32] (i.e. similar conditions as the one investigated in sections 3.1 and 3.3).
Figures 6 (a) and (b) show the typical gas temperature and line integrated particle density evolution along the plasma radial and axial direction at 920 mbar. The LOS area is ca. 1 mm 2 (see section 2). Since the double iris system is moved by a µm translator whose precision is much smaller than the LOS size, the precision on the measurement position is assumed to be ca. ±0.5 mm. The measurements are performed with a CO 2 flow of 10 L/min, a pressure of 920 mbar and microwave power of 900 W. The radial analysis is performed at a fixed height of 58 mm, thus in the early effluent. The axial measurements are taken along the axis of the quartz tube inside the microwave resonator. In both cases the gas temperature measured from the C 2 rotational population distribution is constant at about 6000 ± 500 K. The axial analysis shows that the C 2 emission peaks in the resonator upper part and decay in the effluent. The upward shift of the plasma in the resonator is probably due to a combination of effects related to the gas flow and the distribution of the electromagnetic field inside the cylindrical cavity. The radial scan shows that the hot region (where C 2 emits) occupies only a small portion of the quartz tube. This is in accordance with the measurements reported in section 3.3. No temperature gradient are measured in the radial direction but this can be explained by the fact that only a small region is probed. Indeed, the C 2 molecules emit only in the core of the plasma where the gas temperature is the highest. Formation process of C 2 involves carbon atoms (as discussed by Carbone et al. [32] ) that can form (thermally) only at temperature above ca. 5000 K (see section 4.1). Groen et al. [33] reported similar values and profile by O line Doppler broadening measurements in a pure CO 2 microwave discharge in constricted regime. Figure (b) shows the temperature evolution and the population density of the C 2 (d 3 Π g ) in the axial direction, red and black dots respectively. The measurements are performed in the center of the quartz tube, r=0. In both cases the CO 2 flow is 10 L/min, the pressure 920 ± 10 mbar. The analysis of the C 2 emission has been performed on the ∆ν = 0 transition group. . The red squares represent the rotational temperature calculated from the rotational population distribution of the C 2 (d 3 Π g ) state.
In the expanded regime, the emission spectrum is dominated by the CO (B 1 Σ + → A 1 Π) Angstrom bands. Silva et al. [34] and Du et al. [35] investigated the use of CO Angstrom bands as a thermometric species in CO 2 plasmas. They observed that the CO(B 1 Σ + ) sate rotational distribution, determined from the analysis of the 0-1 vibrational transition, is in equilibrium with the surrounding gas temperature. Based on these studies, the rotational temperature of the CO(B 1 Σ + ) state is used here also as a measure of the gas temperature. Figure 7 shows the measured gas temperature determined from CO(B 1 Σ + ) and C 2 (d 3 Π g ) emission spectra as a function of pressure. The measurements are performed between 60 and 1000 mbar in the middle of the resonator (+20 mm from the resonator bottom, radially centered r=0). The measurement of the C 2 Swan band are carried out at constant CO 2 flow of 10 L/min and microwave power of 900 W. The emission of the CO molecule is investigated for two conditions: CO 2 flow 5 L/min and microwave power of 900 W and CO 2 flow of 10 L/min and microwave power 1500 W. In the expanded regime the gas temperature is about 2400 K ± 200 K at 60 mbar and increases with pressure up to 2800 K ± 280 K.
Right before the transition from expanded to contracted regime, the measured gas temperature is 2800 K ± 280 K at a pressure of 125 mbar. Such measurement is consistent with the values measured by means of Raman scattering at the center of a similar plasma torch by van den Bekerom et. al. [19] . In the pressure range that operates in contracted regime (from ca. 120 mbar up to 1000 mbar) similar gas temperatures values have been already measured by Babou et al. [28] , Spencer et al. [27] , Mitsingas et al. [26] , Bongers et al. [17] and Groen et al. [33] . The vibrational temperature of the C 2 (d 3 Π g ) state, in this study, is repeatedly observed to be in equilibrium with the gas temperature suggesting that the heavy particle in the plasma are in equilibrium, when the plasma is contracted. A vibrational temperature in equilibrium with the gas temperature is also measured by Babou et al. [28] while Spencer et al. [27] and Mitsingas et al. measure an higher vibrational temperature 7700 K, Bongers et al. [17] measured an even higher vibrational temperature 9000 K. The reason for such differences in the vibrational can be related to the low sensitivity of the C 2 Swan band ∆ν=0 transition to the vibrational temperature as discussed in Carbone et al. [32] , but also the need of higher resolution spectrometer [32] . To summarize the observation: the plasma transition from expanded to contracted regime is abrupt and the plasma appears to be stable also close to the contraction pressure (no oscillation can be observed). No intermediate temperature can be measured around the transition. The abrupt temperature variation is consistent with the abrupt change of plasma size and hence the abrupt change in power density.
Plasma size
The axial integrated light emission has been acquired by iCCD imaging using the experimental setup shown in figure 1 (b) . This measurement gives the cross section of the plasma in the radial direction. The analysis of the plasma emission cannot be analyzed using a single bi-dimensional Gaussian profile but rather using a sum of 2 bi-dimensional Gaussian profiles. However, the separation of the plasma emission into two components has no strong physical basis and their width follow similar behavior changing the power, the CO 2 flow and the pressure. To reduce the systematic errors in the determination of the plasma region, it has then been defined as the region in which the light intensity is above 15 % of its maximum. This is sufficient, with a good signal to noise ratio, to identify the region where the C 2 molecule, in the contracted regime, and the CO, in the expanded regime, emit light. The gas temperature can be determined from the emission of these molecules, therefore the identified region correspond to the region where the gas temperature is the once discussed in section 3.2. Since the energy of the MW is coupled to the electrons and transfer by collision to the heavy species [36] , the presence of hot gas (i.e. emission from CO or C 2 ) is assumed to be a trace of the presence of electrons, thus of plasma. Figure 8 shows a measurement of the axially integrated light emission performed with the iCCD camera performed at 10 L/min of CO 2 injection and a microwave power of 2400 W and pressures range from 60 to 110 mbar. At pressure of 60 and 80 mbar (figure 8 (a),(b)) the plasma emission shows an hollow profile, whereas at pressure of 100 mbar the plasma emission peaks in the center of the quartz tube ( figure 8 (c) ). The transition depends also on the power coupled to the plasma, at 60 mbar, the plasma emission peaks in the center of the quartz tube for any power below ca. 1500 W. After the transition to a contracted regime (i.e. filamentary plasma) the plasma cross section abruptly and drastically reduces: the plasma diameter changea from of about 20 mm in the expanded regime to values below 10 mm. Figure 9 (a) shows the changes of plasma diameter with power at different flows and constant pressure above 900 mbar. Figure 9 (b) shows the changes of the plasma diameter with power at pressure of 200, 500 and 900 mbar for a constant flow of 20 L/min. The cross section of the plasma weakly decreases while increasing the pressure. The dominant parameter that defines the plasma cross section, after the plasma contraction takes place, is the microwave power coupled into the plasma. The plasma extension in the axial direction is recorded with the ICCD camera mounted on the side of the microwave resonator. In the resonator the light emission is limited by the slit size (5.5 mm). Figure 10 (a) shows an optical picture of the plasma taken from the side in which the masking due the waveguide wall is visible. Similarly to the cross section, the plasma extension in the axial direction (plasma length) was determined as the region where the emission is above 15 % of its maximum. In figure 10 , some typical radial integrated plasma optical emission profile are shown for different pairs of pressure and power. The plasma extends in the effluent at atmospheric pressure (see pictures (d), (e)) and at low power does not fill the bottom of the resonator (c). Reducing the pressure the plasma extends much less in the effluent, as can be seen while comparing figures 10 (c) and (e). Figure  10 (b) shows, on the other hand, that in the expanded regime the plasma fills the resonator without extending above it. A study of the plasma length is performed and the results are summarized in figure 11 . The plasma length as function of power and for several flows is reported in figure 11 (a)for near atmospheric pressure conditions (i.e. about 900 mbar). The flow only weakly influences the plasma length while the plasma length significantly increases with power. Figure 11 (b) shows the effect of the power at different pressures and constant flow 20 L/min. The plasma length strongly increases with pressure. In the investigated power range at 200 mbar the axial elongation is mostly not visible because the microwave waveguide edge covers the variation of plasma emission. At pressure below 200 mbar the plasma mostly expands radially, increasing its cross section. At higher pressure the plasma mostly elongates axially (but the radial extension is comparable to the ones observed at 200 mbar). The total plasma volume, calculated as the volume of the cylinder having the measured cross section and length, at high pressure depends (mostly) on the plasma radius. At pressure below 100 mbar the plasma appears to fill the quartz tube, although some small variation of the diameter can be observed (18-22 mm) .
The diameter variation at this pressure is the only responsible of the volume changes.
The SEI used in section 3.1 is calculated on top of the total CO 2 flow and microwave power coupled into the plasma. The plasma emission can also be used as a measure of the plasma volume and define a region of gas swirling around a hot plasma core. In that case, the local SEI for the molecules entering the plasma region is significantly higher than the global SEI based on the total gas flow entering the quartz tube. For the present setup, the typical local specific energy input calculated, as suggested by van den Bekerom [19] , as the global SEI divided by the fraction of volume occupied by the plasma is always (much) above 10 eV/molecule in the contracted regime. With such high local SEI, and gas temperatures as reported in the previous section, one can expect that energy efficiencies will be quite low and this is what is indeed observed experimentally (cf. section 3.1). 
Discussion

Thermal equilibrium consideration
In addition to electron driven processes, the contribution of thermal conversion of CO 2 into CO needs to be considered when a gas temperature above 2000 K is measured. To evaluate the degree of CO 2 dissociation in the core of the plasma, thermal equilibrium calculations have been performed using the program CEA [37] . It can calculate the chemical composition of a gas (or a gas mixture) at fix pressure and temperature. To understand the variation of chemical composition as function of the temperature in the investigated pressure range (60 mbar -quasi atmopspheric pressure), the thermal equilibrium has been computed at several combinations of pressure and temperature. Figure 12 shows the molar fractions of CO 2 , CO, O 2 , O and C as a function of gas temperature while heating up a pure CO 2 gas. The molar fraction of CO 2 decreases rapidly above temperatures of about 3000 K with formation of CO and O 2 . Above this temperature O 2 dissociate and the gas becomes predominantly a CO+O mixtures. At temperatures above 6000 K, CO starts dissociating and the gas becomes a mixtures of C and O atoms. It is then no coincidence to see that C 2 Swan bands appearance is correlated with gas temperatures of about 6000 K, as recombination processes of C atoms lead to the formation of the C 2 Swan bands in CO 2 plasmas [32] . Figure 13 (a) shows the degree of conversion of CO 2 into CO as function of the gas temperature for different given pressures. Note that the conversion is calculated under the assumption that all the carbon atoms (that are formed at T gas >5500 K) recombine into CO. The pressure has only a weak effect on the conversion. For instance from 50 to 1000 bar, the gas temperature required to convert 50% of the CO 2 into CO increases from 2700 to 3050 K. Figure 12 : The mole fraction of CO 2 (red), CO (magenta), O 2 (orange), O (blue) and C (green) expected by heating a mole of CO 2 at atmospheric pressure to a given temperature. The dots correspond to the temperature at which the composition is calculated.
The calculated conversion refers to the CO 2 dissociation fraction. The energy spend to heat the CO 2 and used in the conversion of CO 2 into CO can be expressed as 8:
where T 0 and T f in represent the initial temperature (298 K) and the final temperature, H is the enthalpy of the gas mixture at a given temperature. The enthalpy of the mixture is a result of the CEA calculation, from which the energy per molecule required to obtain a given temperature can be calculated:
where Q is given in J/g, 44.07 is the molar mass of CO 2 , N A the Avogadro number and e the conversion factor between J and eV, hence the units of the SEI are eV/molecule. The latter is used to calculate the energy efficiency shown in figure 13 (b) . The energy efficiency of thermal dissociation of CO 2 into CO is shown in figure 13 (b) for the same parameters. The energy efficiency of thermal dissociation for producing CO peaks at about 3000 K and degrades at higher temperatures where energy is then spent not only for warming up the gas (i.e. via its heat capacity) but also for dissociating O 2 and CO (see figure 12 ). Figure 13 : Plot (a) shows the CO 2 dissociation fraction expected at a given pressure as function of the gas temperature, under the assumption of ideal quenching (no CO 2 losses) and recombination of carbon atoms into CO. Plot (b) shows the expected energy efficiency at a given pressure as function of the temperature.
With the help of the thermal equilibrium calculation it is possible to investigate the importance of thermal dissociation in the measured conversion.
The gas temperature measured at 60 mbar in the microwave resonator is ca. 2500 K, where a CO 2 conversion of 30 % is expected by thermal dissociation only. The maximum measured conversion rate at 60 mbar for the present setup is however only 25% (see figure 3 ). The lower measured conversion can be related to the gas temperature gradient, since not all the gas is heated to the measured temperature, but part of it is colder, thus a lower conversion can be expected. However to observe in an experiment the dissociation fractions given by figure 13 (a) , the mixture composition needs to be quenched rapidly to avoid recombination of CO via:
In order to minimize the losses the gas needs to be cooled down very rapidly (faster then 10 6 K/s [11] ) while exiting the plasma volume, since the process described in equation 10 is temperature dependent, and the reaction rates is proportional to e − 1500 Tgas [38] . This process typically happens in the plasma itself, in the gas layer that surrounds the plasma and in the effluent as evidence by its chemiluminescence continuum reported in section 3.2. The increase of converted CO 2 with pressure that can be observed in figure  3 (a) can be correlated with the observed increase of gas temperature that is measured with power for a non contracteed plasma. As the pressure increases the gas temperature increases with a maximum of 2800 K measured experimentally right before the transition to a contracted regime. Assuming a thermally driven dissociation process, thermal calculations do predict a increasing energy efficiency with gas temperature as seen in figure 13 (b) . On the other hand the pressure has only a limited effect on the absolute value of the energy efficiency for thermal dissociation, the gas temperature has the stronger influence on energy efficiency. The observed increase in conversion with power has to be also compared with the plasma size and low overall conversion rate. Moreover a pressure increase at gas temperature below 3000 K (see figure 13 (b)) would actually reduce (slightly) the energy efficiency, while an increase of energy efficiency is observed here (see figure  3 (a)), indicating that the gas temperature effect would be the driving force of conversion. The highest energy efficiency is measured at ca. 120 mbar (at the plasma contraction) in good agreement with previously reported trends by Kurchatov institute, but with lower overall energy efficiencies [11] . The measured energy efficiencies are maximum 30 % which is much lower than the 80% reported by Butylkin et al. [16] , where vibrational ladder climbing was identified as mechanism for CO 2 dissociation. The overall lower energy effi-ciency can be explained, by the dissociation mechanism, since in the present setup thermal dissociation is the dominant dissociation mechanism, thus the maximum energy efficiency is limited by the thermal dissociation efficiency. The known differences between the two setups are: the inlet gas velocity (ca. 10 4 cm/s) reported by Butylkin et al. [16] is higher than the one expected in the present setup (ca. 10 2 − 10 3 cm/s), the microwave frequency 2.4 GHz and the wave-guide components size. However if and how these geometrical differences influence the dissociation mechanism of CO 2 is not understood.
The plasma contraction increases significantly the power density, that drives an abrupt increase of the gas temperature which reaches a value of 6000 K ± 500 K and remains constant at every flow, power and pressure investigated. Thermal calculations predict at such high temperature that energy efficiency should increase with increasing pressure. The opposite trend is however found experimentally (see figure 3 ). Losses of CO by recombination via reaction 10 is a pressure depend process (via the third body collisional term in the rate coefficient). Even if locally the conversion of CO 2 into CO can be high, the recombination process reduces the CO molar fraction measured downstream of the plasma reactor. At low gas flow rates (i.e. high specific energy input as shown in figure 2) , one can expect a slower cooling rate meaning that a larger fraction of CO is lost. A decrease of conversion and energy efficiency are indeed observed at low gas flows (< 10 L/min) which is more pronounced at high pressure. Finally another effect should be taken in account, the plasma elongation in the effluent is correlated with an increase of microwave radiation field into the room (it has been measured using a microwave-power meter). This indicates the generation of a surfacewave: in the absence of a Faraday shield around the quartz tube, a surface wave discharge does not absorb all the power from the applicator and radiates part of its energy as an antenna [39] . Such effect would effectively reduce the power coupled to the plasma. If a lower power is coupled to the plasma a the fraction of CO 2 converted reduces (as seen in figure 2 ) and the energy efficiency underestimated by overestimating the SEI.
In the contracted regime the plasma however occupies only a small part of the tube and hydrodynamic effect between the cold swirling gas flow and hot plasma core should be additionally considered (see below for more discussion).
Flow dynamics considerations
Following the assumption of local chemical equilibrium, the temperature profile in the quartz tube defines the region where CO 2 dissociation takes place. Babou at al. [28] showed that temperature gradients at the edge a N 2 -CO 2 microwave plasma are relatively steep. Similar observation was done by van den Bekerom et al. [19] in the expanded regime. If we assume, based on these observation, that the temperature gradient are strong the non-emitting region cannot contribute significantly to the conversion. The conversion observed can be related to mixing between the cold gas and the hot gas driven by the temperature gradient. The amount of CO 2 that flows from the cold region into the (hot) plasma should then be proportional to the surface (or volume) of the hot region itself. Figure 14 shows the CO 2 conversion fraction as function of the ratio between the plasma cross section and the gas cross section in several experimental conditions. The plasma cross section is the once discussed in section 3.3, the gas cross section is the cross section of the quartz tube from which the plasma cross section has been subtracted. The ratio between plasma and gas cross sections does not show any direct correlation with the conversion. only at high flow a correlation can be found, which may be purely coincidental. It should be also note that at 100 slm the plasma does not have any longer a cigar shape, but it is twisted by the strong swirl. These observations indicate that gas mixing dynamics at the edge of the plasma probably represent the key effect to understand the CO 2 conversion in the high pressure regime. figure 15 ) while for an input gas flow of 10 L/min a reduction in CO out flow is measured. Such reduction of conversion with pressure at the lowest flow appears at 500 mbar and quasi-atmospheric pressure as seen in figure 2 . The output flow of CO appears to be only a function of the MW power (that scales linearly with the plasma surface, see figures 9 and 11) and weakly influenced by the input CO 2 gas flow. The turbulent mixing that drives the CO 2 gas into the plasma is not depending on the magnitude of the CO 2 flow, thus it is driven by the gas temperature gradient. The approximated temperature gradient T plasmaedge −T wall R tube −R plasma is independent from the gas flow (see section 3.2 and 3.3). This hypothesis is consistent with the observations carried out in sections 3.2 and 3.3: neither the plasma size nor the temperature are affected by the CO 2 input flow. As a result the influx of cold gas into the plasma region is the same, thus the total CO out flow is constant at given pressure and power. On the other hand a power variation changes the plasma dimensions (see section 3.3) and consequently the CO 2 flux into the plasma. The increase of pressure leads to a significant increase in length of the plasma (see figure 11 ). The increase of CO 2 influx (due to the longer plasma) is not sufficient to compensate for the higher recombination of CO 2 into CO (reaction 10) that are expected to increase at higher pressure. At low gas flow and high pressure, where a decrease of conversion is observed at increasing powers (see figure 2 (a)and 15 (b)), the decrease in energy efficiency is then (probably) related to the gas flow dynamics, both in terms of mixing but also heating of the effluent (due to a combination of longer plasma and lower amount of cold CO 2 gas reservoir) that causes higher recombination of CO into CO 2 . The present considerations can then only serve as a basis for a detailed modelling of the plasma and gas flow interactions, while focusing on the understanding the impact of the plasma size onto the flow dynamics.
The investigation of the CO out flow allows to conclude that the amount of CO produced in the setup used in this work is determined by the pressure and the power coupled into the plasma.
Non-equilibrium considerations
An analysis of the C 2 (d 3 Π g ) molecule rovibrational distribution functions, performed by Carbone et al. in the same setup [32] , showed that rotational and vibrational states are in equilibrium with the gas temperature. The measured temperatures allow describing the conversion rates of CO 2 into CO satisfactorily by invoking a combination of thermal dissociation and flow dynamics. Pietanza et al [40] performed calculations of the electron energy distribution function (EEDF) in CO 2 microwave plasmas while taking into account superelastic processes. They showed that at reduced electric fields typical for microwave discharges that electron are in non-equilibrium with vibrational distribution functions of CO 2 . Recent plasma impedance simulations carried out by Groen et al. [33] predict, that in the expanded regime (i.e. at p<125 mbar), the electron temperature ranges between 2 and 3 eV. On the other hand, in the contracted regime the electron temperature may vary between 0.5 and 1 eV. Such investigations suggest that the plasma generated in the plasma torch is not in thermal equilibrium. The electron impact processes are typically (although those are not the only processes) responsible for the formation of both atomic and molecular electronically excited species. Plasma ground states species calculated from the thermal equilibrium can be used as input for constructing a Boltznamm plot. The density of these species can be correlated to the electron temperature and the EEDF. In addition to rotational and vibrational states densities, the density of electronic states density can be determined by absolute calibrated optical emission spectroscopy.
Knowing the density of the ground state, it is then possible to define an excitation temperature for that state that is related to the electron temperature. For probing the EEDF, the electronic states need to be predominantly produced by electron impact processes. When the latter condition is not fulfilled (which is likely the case for C 2 (d 3 Π g ) state) no information of the EEDF can be obtained. Although this temperature is usually not the electron temperature, its value usually gives an indication of the latter with the electron temperature usually higher than the excitation temperature for ionizing plasma [41] . Assuming that the chemical composition of the plasma can be described by the gas temperature and chemical equilibrium, the density of ground state can be calculated and a Boltzmann plot constructed. Figure 16 (b) shows the typical Boltzmann plot that can be obtained combining thermal equilibrium calculation and absolute calibrated optical emission spectroscopy. The shown Boltzmann plot has been obtained at quasi-atmospheric pressure, 10 slm and 900 W. The fitting parameters are shown in figure 16 (b) . Figure 16 (a) shows the excitation temperature for measured electronic states of O and C atoms and the C 2 (d 3 Π g ) molecular state as function of the pressure. The transition considered are the C (3s 1 P → 2p 1 S), the C 2 (d 3 Π g → a 3 Π u ) and the O(3p 5 P 1,2,3 → 2s 5 S 2 ), O(3p 3 P 0,1,2 → 3s 3 S 1 ). The data points obtained at pressure below 150 mbar are obtained in expanded regime, where no emission from C and C 2 can be measured. Excitation temperatures between 0.8 and 1.4 eV are obtained and they are significantly higher than the gas temperature.
The temperature obtained from O and C excited states are quite close to each other and appear to be insensitive to pressure. The differences between the excitation temperatures of different species can be explained by considering selective population (or depopulation) processes of the excited states. The EEDF does not follow a Boltzmann distribution [40] and collisional quenching rates are different depending on the species. Also, in the case of the C 2 (d 3 Π g ) state, this state is the initial source term for the C 2 molecule via the reaction [32] C + C + M → C 2 (d 3 Π g ) + M Note that this source term for C 2 (d 3 Π g ) is pressure dependent as it is a three body process. The density of the C 2 (d 3 Π g ) increase quadratically with pressure as discussed in Carbone et al. [32] and this is a probable indication of its formation mechanism. Therefore no useful information on the EEDF can be obtained from the excitation temperature of the C 2 molecule. If the excitation temperature obtained from the C 2 molecule is discarded an electron temperature between 0.8 and 1 eV can then be deduced in the present conditions from the other species. Such electron temperatures are in relatively good agreement with calculations of Groen et al. for the contracted regime [33] . It can be concluded that the torch is not fully in local thermal equilibrium and that the electron temperature is higher than the gas temperature, even at atmospheric pressure. Figure 16 : Figure (a) shows the excitation temperature of the atomic carbon (black dots), atomic oxygen (red dots), C 2 molecule (blue triangle) and gas temperature (gray diamonds). Figure (b) the typical Botzmann plot. The one shown here has been obtained at 10 slm, atmospheric pressure and 900 W.
Conclusions
A 2.45 GHz microwave CO 2 plasma torch is characterized by means of OES, iCCD imaging and mass spectrometry in the pressure range between 60 mbar and quasi-atmospheric pressure (>900 mbar). At pressures below ca. 120 mbar the plasma is observed to fill the tube while at pressures above, the plasma contracts into a filament, occupying less than 10 % of the quartz tube cross section. The pressure at which the contraction occurs varies between 110 mbar at 2400 W of input power and 170 mbar at 750 W of input power. The gas temperature increases from to 2400 K up to 3000 K between 60 mbar and ca. 110 mbar. At the contraction point, the gas temperature abruptly increases to 6000 K and remains constant at this value up to quasi-atmospheric pressure. For the gas temperatures reported in this study, the observed CO 2 conversion rates into CO can be explained solely while invoking thermal processes. Moreover the appearance of the C 2 Swan band is correlated with the formation of carbon atoms from CO dissociation that takes place thermally only at temperatures above 5000 K. The highest energy efficiency (ca. 30 %) is measured at ca. 120 mbar concurrently with the plasma contraction.
In the contracted regime, the observed CO 2 conversion rates appear to be driven by the mixing between the cold gas and the hot gas. Indeed, the measured plasma cross section is not sufficient to explain alone the outflow of CO. At 200 mbar, it is found that the CO outflow is independent of the inlet CO 2 gas in-flow and that CO outflow scales with input power the latter is correlated to the surface of interactions between the plasma and the cold swirl gas flow and it increases with the power input. Near atmospheric pressure and at low gas flow rates, the conversion rate decreases with input power due to a combination of factors, i.e. swirl and plasma lengths but also gas cooling rates that may not be high enough as well as microwave leaks that can reduce the power coupled to the plasma. The excitation temperatures calculated from the population of the excited species of C, O and C 2 indicate that the plasma is not in full local thermal equilibrium and that the electrons have higher temperatures (0.8-1 eV or higher) that the surrounding gas. The measured conversion rates can be explained by considering only thermal dissociation and flow dynamics. Consequently non-equilibrium vibrational ladder climbing leading to CO 2 dissociation is not needed to explain the present results.
The gas flow dynamics play an important role in the investigated microwave setup, to improve the understanding of the CO 2 conversion in the present configuration detailed gas flow simulations are necessary. The present experimental results could allow a detailed benchmark of a plasma/gas flow self-consistent calculations in the future.
